Abstract: This paper describes a demonstration of soliton transmission over fiber-wireless (Fi-Wi) networks using mode-locked stable solitons over a 50-km-long fiber and a shortdistance wireless link. Ultrashort optical pulse sources in the 1.5-m region are seen as increasingly important for achieving ultrahigh-speed optical transmission and signal processing at optical nodes. Mode-locked solitons were generated by a simple ring laser cavity incorporating a very thin layer of carbon nanotube (CNT), together with an erbiumdoped fiber (EDF) laser used as an active bulk gain medium. Experimental measurements involved the transmission of the generated mode-locked soliton over a 50-km-long single-mode fiber (SMF), and a radio-frequency (RF) spectrum subsequently generated was a result of beating frequency of wavelengths launched into the photodetector at the other end of the SMF. This RF spectrum array was in the range of WiFi frequencies. System performance was evaluated by first selecting one of the RF carriers centered at 2.5 GHz via an RF bandpass filter and subsequently using this carrier to transmit quadrature phase-shift keying (QPSK) and 16-quadrature amplitude modulation (16-QAM) data signals. The described optical circuit, containing an EDF laser, a CNT, an SMF, and a wireless link, was shown to achieve ultrastable transmission of mode-locked soliton over a long-distance Fi-Wi network.
Introduction
Demands for expansion of high-speed communication systems have rendered ultrahigh-speed soliton light sources indispensable for the development of ultra-high speed optical time division multiplexing (OTDM) and ultra-high speed dense wavelength division multiplexing (DWDM) communications as a means to solve the capacity issue [1] - [3] . Transmission of soliton pulses via wired/wireless communication link has been presented in many publications by Amiri et al. in the field of optical communications [4] - [12] . The generation of ultrashort pulses in the Gigahertz region is especially important in terms of realizing ultrahigh-speed OTDM transmission [13] , [14] . Mode-locked fiber lasers have been shown as the most inexpensive optical light sources for practical generation of ultrashort pulses, with actively harmonic mode-locked erbium-doped fiber (EDF) lasers capable of producing transform-limited narrow Gaussian pulses with adjustable multi-GHz bit rates and variable pulsewidths in the picosecond range. Such systems are especially suitable for high speed, long distance WDM transmission [15] - [18] . A main application of the multiple soliton transmission system containing ring laser EDF cavities is high-data rate transmission for short and long distance communication. The unprecedented number of available signals in such devices provide for a potential much higher data rate compared to other bandwidth-limited channels that are used currently [19] - [21] .
Mode-locked outputs are desired for ultra-fast pulses, although this comes at the cost of lessened pulse power. For true soliton mode-locking, soliton shaping effects play a dominant role and the pulse duration is nearly independent of other parameters [22] , [23] . A saturable absorber (SA) is required for starting and stabilizing the mode-locking. The necessary limitation of nonlinear phase shifts, combined with the fundamental soliton condition, implies particular scaling laws for soliton mode-locked lasers. Fundamental soliton pulses are highly important in particular for long-distance optical fiber communications and in mode-locked lasers (soliton mode-locking) [24] , [25] . In the latter situation, soliton-like pulses can be formed when the typically unavoidable factors of dispersion and nonlinearity in the laser cavity are negligible. Solitons are also applied in various techniques for pulse compression using optical fibers [26] , [27] . An optical soliton pulse is the recommended foundation for the creation of a spectrum of light over a wide range [28] , [29] . Optical solitons are powerful laser pulses that can be employed to generate multi-soliton filter characteristics [30] .
This work is rationally intended to link and mash up the photonic generation of solitonic multicarriers concepts using mode-locked techniques with traditional wireless approaches. This paper details a study of the propagation of optical solitons within a nonlinear ring cavity and, specifically, a system of ring laser EDF cavities to generate mode-locked soliton used to form high capacity and secure transmittable signals applicable in optical communication. In this work, a successful transmission of ultra-stable soliton pulses over long distance optical links is described along with a subsequent generation of RF multicarriers in the WiFi spectrum range, from which the performance of RF carrier transmission over a 250 m wireless link is measured and analyzed. The proposed structural design described here can be used to generate and transmit a high density of optical soliton pulses over a fiber-wireless network.
A preferable system is the passively mode-locked fiber laser, since it is easier to operate and avoids the use of bulky active components which increase system complexity and cost. A passively mode-locked fiber laser can be realized by an interesting means involving incorporation of carbon nanotube (CNT) as a broadband SA within the laser cavity, and this addition allows for tunability over a wide wavelength range. Moreover, altering the cavity length provides an easy means of changing the RF free spectral range (FSR). A method is proposed for generating multiple carrier RF with very low phase noise, limited amplitude fluctuations, and identical time jitter along with negligible interference between carriers. The obtained results show that the proposed architecture is a promising scheme for the generation of multiple high purity carriers up to extremely high frequencies (W band) that are far beyond the reach of electronic oscillators [31] .
Theoretical Background
Predictions regarding the formation and evolution of passively mode-locked laser pulses are frequently described by the master equation [32] and the complex Ginzburg-Landau equation [33] , [34] , which both provide exact solutions for solitons. The passive mode-locking feature of the laser system proposed in this paper is based on nonlinear polarization rotation evolution, whereby an ellipse is resolved into right-and left-hand circular polarization components of separate intensities. The two coupled nonlinear Schrodinger equations (NLSEs) that involve a vector electric field are able to accurately model the light-wave propagation in the weakly birefringent fibers, although the coupled NLSEs must involve extra terms such as the wave-number difference between the two modes and the four-wave mixing when the total cavity is several meters in length [35] . Contrarily, the terms related to four-wave mixing can be ignored in the coupled equations if the total cavity length, L, exceeds 100 m, despite this length being far longer than the typical beat length, LB % 1 m, of the fiber [36] , [37] . The coupled-mode equations are expressed in [38] .
The numerical simulations presented in the reference [38] show that, by appropriately setting the polarization of polarizer and analyzer and the linear cavity phase-delay bias of the cavity, self-started mode locking can be achieved. Since the saturation energy ðE s Þ is proportional to the pumping strength [39] , increasing E s corresponds to increase the pump power in the experiments.
Experimental Setup, Results, and Discussion
The experimental setup of the proposed soliton fiber laser is shown in Fig. 1 . The laser used a 0.9 m long highly doped Leikki Er80-8/125 EDF as the active gain medium. The EDF was pumped backward by a Lumics 980 nm laser diode through a wavelength division multiplexer (WDM). One end of the EDF was connected to the common output of the WDM, while the other end was connected to an isolator to ensure no signals propagated in the opposite direction through the EDF. The isolator connected to the WDM was used to avoid any unwanted back reflection towards the gain medium. This isolator was in turn connected to a polarization controller (PC) and an embedded CNT between two ferrules. The output of the embedded CNT was guided toward a 95 : 5 coupler, which extracted a portion of the signal for analysis. The 95% port was connected to an isolator, which was then connected to the gain medium. This loop completed the laser cavity. The extracted output was divided into two evenly powered portions using a 3 dB coupler, with one portion being directed to an optical spectrum analyzer (OSA) (model YOKOGAWA AQ6370B, with wavelength resolution bandwidth accuracy of AE 0.02 nm (1520 to 1580 nm)) while the other portion led to a photodetector (HP lightwave detector DC-6 GHz) and finally to whether radio frequency-spectrum analyzer (RF-SA Anritsu MS2683A) or oscilloscope (YOKOGAWA DLM2054) in order to be analyzed separately to obtain the average output power, the radio frequency spectrum and the output in the time domain.
The all-fiber mode-locked soliton pulses generated via the CNT-based SA as a mode locker have their power across a wavelength range represented in Fig. 2(a) . The total length of the laser cavity was approximately 4 m. Aside from the EDF, all fibers used in the cavity were Corning SMF-28 ð 2 ¼ À22 ps 2 =kmÞ. The observed mode-locked pulses were achieved at a threshold pump power of about 40 mW, with the optical spectrum having a very wide-band output together with multiple sidebands present as observed in the OSA. The presence of these sidebands Fig. 1 . Soliton mode-lock generation system setup, CNT stands for carbon nanotube, WDM for wavelength division multiplexing, PC for polarization controller, OSA for optical spectrum analyzer, PD for photodetector, and OSC for oscilloscope.
confirmed that the system was operating in the soliton regime. Fig. 2(b) provides the autocorrelation trace. The estimated pulse duration at the full-width at half maximum (FWHM) point was 670 fs with the assumption of a sech 2 pulse shape for the case of anomalous dispersion. Fig. 3 shows the beating frequency for each of the two modes available in the mode-locked soliton spectrum in 550 MHz scale.
The communication system based on RF signals generated from an optical soliton is shown in Fig. 4 . This system involves three main parts: a) multicarrier generator which is briefly discussed in Section 3; b) optical transmission line which is 50 km SMF link; c) RF signal generation using DMU and wireless transmission using antennas. In order to examine the stability of the generated mode locked soliton signal which is shown in Fig. 2(a) , it was forwarded to 50 km optical fiber. This 50 km optical fiber had an attenuation of 0. A PIN photodetector (PD) was used to convert the solitonic input power to RF band. An ideal rectangle filter was utilized to reduce the number of samples in the electrical signal generated from the incoming optical signal and noise bins. The generated RF spectrum was a result of beating frequency of wavelengths launched into the PD at the other end of the SMF After photo detection, at the data modulator unit (DMU), as shown in Fig. 6 , the RF multicarriers are generated in the range of the WiFi frequency and can be modulated to transmit wirelessly along the 250 m wireless link. In order to check the performance of the whole system, one of the RF carriers centered at 2.5 GHz was selected using RF band pass filter (BPF), and this carrier was then used to transmit quadrature phase-shift keying (QPSK)/16-quadrature amplitude modulation (16-QAM) data signals. Following amplification, the modulated RF signal was forwarded to the transmitter antenna.
The center frequency can be defined or calculated automatically by centering the filter at the optical channel possessing maximum power. The power of the detected RF signal after transmission along a 50 km fiber link and within the 250 m wireless link distance can be seen in Fig. 7 .
The FWHM of the pulse shown in Fig. 7 is 80 ps which is wider than the original one shown in Fig. 2(b) due to very long transmission medium. 
RF Power and EVM Measurement of the Wireless Transmission System
The radiometric parameters of the RF signal generated from soliton sources are not determined thus far in this paper. The radiated power of the solitonic-based RF signal transmission was measured via experiment, with the applied soliton pulses being those under discussion in Fig. 2 and the optical output solitonic power fixed to À10 dBm. An RF power meter was introduced to the experimental configuration and alignment assured by means of fixing the power meter appropriately. Distance between the antenna and power meter was increased from 0.2 m to 250 m at intervals of 10 m, and the received power was recorded at each interval. Table 1 shows the measured RF received power for each interval.
Observation of the measured data implies that À5 dBm optical power alters the radiated RF power from À1.10 to À32.10 dBm for the wireless distances from 0.2 to 252 m. However, it can be considered that a successful wireless transmission constitutes an average received power being the threshold power; which for this particular experiment was around À16 dBm and equivalent to almost a wireless distance of 120 meters. A further experiment had the wireless distance fixed to 120 meters and the optical power changed using a variable optical attenuator (VOA) in order to get the appropriate threshold for the minimum acceptable optical output power.
As can be seen from Table 2 , the average received power was À24 dBm. This corresponded to À9.5 dBm optical power and determined the minimum threshold for optical power as À10 dBm. In the further experiment, the error vector magnitude (EVM) of the overall system was measured by fixing the optical power to À10 dBm and the wireless distance was changed from 0.2 to 120 meters. The EVM is used to quantify the modulation accuracy of a transmitter and constitutes a measure of the difference between a reference waveform, which is the errorfree modulated signal, and the actual transmitted waveform. EVM. The EVM is defined as
where d r and d l are the received and ideal symbol vectors, respectively, and d max is the maximum symbol vector in the constellation, while N is the number of symbols [40] . According to [40] , the EVM threshold for successful transmission is 5%, 7%, 10%, and 25% for 64-QAM, 32-QAM, 16-QAM, and QPSK modulation respectively. To estimate a bit error rate (BER) from EVM, L is defined as the number of identical signal levels within each dimension of the (quadratic) constellation, and Log M 2 represents the number of bits encoded into each QAM symbol. The BER is then approximated by [40] BER Fig. 8 illustrates the measured EVM of QPSK with rectangular points and 16-QAM by triangular points. As can be seen from this figure, the QPSK signal could travel almost 120 m with its EVM reaching 25% although a 16-QAM signal could only travel up to 40 m successfully. According to the presented measurements, the proposed system of an RF signal generator based on optical solitonic input with a minimum input power of 10 dBm is applicable for a 50 km optical link and a maximum of 120 m wireless distance with QPSK modulation. The constellation diagram for 16-QAM and QPSK signals transmission are presented in Fig. 9 . Based on Fig. 9 , in this study, the acceptable wireless distances for 16-QAM and QPSK signals are 40 and 120 m, respectively. Therefore, this system can support a maximum wireless transmission distance of 120 m.
Conclusion
This paper has described a proposal and successful demonstration of a ring laser system to generate soliton pulses. This ring laser system was first used to generate a soliton with Measured RF received power with variation of optical power differently centered wavelengths, in which a bright soliton was passed through a 50 km SMF and impacted on a PIN photodetector at the other end. Consequently RF arrays were generated in the range of WiFi frequencies. A carrier centered in the 2.5 GHz band was selected for modulation via QPSK and 16-QAM. The RF spectrum was analyzed following propagation along a 250 m wireless link, and the power variations were measured. Measurements confirmed that the proposed system of RF signal generation based on optical solitonic input with the minimum input power of 10 dBm could be used for 50 km optical link and a maximum of 120 m wireless distance with QPSK data signal. The authors anticipate the work presented here will form a basis for further studies in this area. Future work intended to simplify the generation of modelocked signals may result in significant gains if the approach involves a focus on simplifying integration aspects within the photonics domain.
